Cooperative spectrum sensing (CSS) can improve the spectrum sensing performance by introducing spatial diversity in cognitive radio networks (CRNs). However, such cooperation also introduces the delay for reporting sensing data. Conventional cooperation scheme assumes that the cooperative secondary users (SUs) report their local sensing data to the fusion center sequentially. This causes the reporting delay to increase with the number of the cooperative SUs, and ultimately affects the performance of CSS. In this article, we consider the reporting delay and formulate the optimization problem of CSS with sensing user selection to maximize the average throughput of the CRN in both the additive white Gaussian noise (AWGN) environment and the Rayleigh fading environment. It is shown that selecting all the SUs within the CRN to cooperate might not achieve the maximal average throughput. In particular, for the AWGN environment, the sensing user selection scheme is equivalent to selecting the optimal number of cooperative SUs due to all the SUs having the same instantaneous detection signal-to-noise ratio (SNR). For the Rayleigh fading environment, the maximal average throughput is achieved by selecting a certain number of cooperative SUs with the highest instantaneous detection SNRs to cooperate. Finally, computer simulations are presented to demonstrate that the average throughput of the CRN can be maximized through the optimization.
Introduction
Cognitive radio (CR) technology has recently been identified as a promising way to address the spectrum scarcity by exploiting opportunistic spectrum in dynamically changing environments [1, 2] . A prerequisite of CR is the ability to detect very weak primary user (PU) signals and limit the probability of interference with PU. Thus, spectrum sensing plays an essential role in CR. However, due to multipath fading, the shadow effect and time-varying natures of wireless channels, it is hard to achieve reliable spectrum sensing by a single secondary user (SU). To combat these impacts, cooperative spectrum sensing (CSS) has been proposed to improve the spectrum sensing performance by introducing spatial diversity [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . There are mainly two fusion rules of CSS: data fusion rule and decision fusion rule. In this article, we focus on the data fusion rule. For the data fusion rule, multiple cooperative SUs individually sense the channel, and then report their local sensing data to the fusion center through a bandwidth-limited common control channel. Finally, the fusion center will combine these data and make the final decision.
The sensing time, the data fusion rule and the fusion rule's threshold at the fusion center can all affect the performance of CSS. A longer sensing time will improve the spectrum sensing performance, but decrease the data transmission time. Moreover, an optimal data fusion rule can help reduce the impact of unreliable CR. In [8] [9] [10] , the optimal linear functions of weighed data fusion rule in different cases have been obtained. In [12] , a joint optimization of the sensing time and data fusion rule is considered.
However, in order to apply CSS, local sensing data have to be reported to the fusion center through a bandwidth-limited common control channel. This adds the reporting delay to cognitive radio networks (CRNs). To address this issue, the study [15] proposed that cooperative SUs sent local sensing data concurrently. But this scheme will increase the system design complexity or cost a large portion of precious bandwidth. Therefore, given a bandwidth-limited common control channel, the conventional scheme that cooperative SUs report their local sensing data to the fusion center sequentially may be more desirable [16] . Nevertheless, in the conventional scheme, the reporting delay increases with the number of cooperative SUs, which will lead to the decrease of the time for spectrum sensing and data transmission. Thus, there is a tradeoff between the number of cooperative SUs and the average throughput of the CRN. In [17] , the authors demonstrated that selecting all SUs to cooperate in the CRN might not achieve the optimum performance. So they proposed a sensing user selection scheme based on the individual characteristics. But the sensing time was not considered in their optimization formulation.
In this article, we consider the conventional scheme that cooperative SUs report the local sensing data to the fusion center sequentially. We formulate the optimization problem of CSS with sensing user selection in both the additive white Gaussian noise (AWGN) environment and the Rayleigh fading environment. It is demonstrated that the maximal average throughput is achieved through the optimization. It is also shown that the maximal average throughput might be achieved by selecting a certain number of cooperative SUs rather than selecting all the SUs within the CRN.
The rest of the article is organized as follows: The system model is introduced in Section 2. The problem formulation based on data fusion rule is given in Section 3, and in Section 4, the solution of the optimization problem is presented. Numerical results and discussions are given in Section 5. Finally, conclusions are drawn in Section 6.
System model
Without loss of generality, we consider a CRN with N SUs among which k (1 ≤ k ≤ N, k I, I is the set of all positive intergers) SUs are employed to cooperate to sense a PU channel. There is a fusion center in the CRN, which assigns k SUs to cooperate to sense the PU channel through the sensing user selection scheme and collects spectrum sensing information from the k SUs through a common control channel. Similar to [13, 18, 19] , we assume that the size of the CRN is small compared with its distance from the primary system. Therefore, the received signal at each SU experiences almost identical path loss. Note, however, the results obtained in this article can be easily generalized to the case that the received signal at each SU experiences different path loss.
A frame structure is designed with periodic spectrum sensing for the secondary system. Figure 1 shows the frame structure considered for the periodic spectrum sensing. There are three phases in each frame: a sensing phase, a reporting phase, and a data transmission phase. In the sensing phase, all the cooperative SUs perform local spectrum sensing simultaneously. In the reporting phase, the local sensing data are reported to the fusion center sequentially. In the data transmission phase, data of SUs are transmitted. We assume that the durations of the sensing phase and the reporting delay of each cooperative SUs are respectively denoted as τ s and τ r .
For ease of presentation in this article, we further assume that the primary system and the secondary system use a synchronous frame structure. During each frame of duration T, the PU on the channel is either s T r Figure 1 The frame structure considered for the periodic spectrum sensing. absent or present. The assumption has been widely used in e.g., [12, [20] [21] [22] . It is easy to see that the performance of spectrum sensing will significantly degraded for the asynchronous frame structure, and the CRN's maximum average throughput we obtain in this article will provide an upper bound.
The most important motivation of CR is to improve the spectrum efficiency. Therefore, reporting overhead in CR system cannot be large, which means using a wideband common control channel to transmit the local sensing data is not feasible. Due to the constraint of common control channel bandwidth, the local sensing data should be quantized before reporting to the fusion center. We assume that the bandwidth of common control channel is given asḂ, and the quantizer can well preserve the local sensing data withuantization bits. When the binary phase shift keying modulation is adopted, the reporting delay of each cooperative SU is [17] 
The increase of cooperative SU's number leads to a high space diversity gain and helps to improve the spectrum sensing performance. However, it also results in the increase of total reporting delay which leads to the decrease of the spectrum sensing time and data transmission time. Hence, there exists a tradeoff between the number of cooperative SUs and the average throughput of the CRN.
Energy detection
Local spectrum sensing problem can be formulated as a binary hypothesis test between the following two hypotheses:
where H 0 and H 1 denote that the PU on the channel is absent and present respectively. y i (n) represents the received signal at the ith SU. h i denotes the channel coefficient from the PU to the ith SU, which is assumed to be constant during the sensing phase [13] . s i (n) is the signal transmitted from the PU. The noise u i (n) is the circular symmetric complex Gaussian signal with mean zero and variance σ 2 u . f s is the sampling frequency. We assume that s i (n) is a complex-valued phase-shift keying signal with σ 2 s denoting the signal power. The instantaneous detection signal-to-noise ratio (SNR) at the ith
SU is given as
. Herein, we also assume that the fusion center has perfect knowledge of the instantaneous detection SNR g i , and this can be realized by direct feedback from the SUs. The AWGN environment and the Rayleigh fading environment are considered in this article. For the AWGN environment, all the SUs have the same channel coefficient h i due to all the SUs having identical path loss. Therefore, the instantaneous detection SNRs of all SUs are the same (g 1 = g 2 = L = g i = g) in the AWGN environment. For the Rayleigh fading environment, the channel coefficients |h i | 2 follow the exponential distribution, and have the same mean due to all the SUs having identical path loss. Therefore, the instantaneous detection SNRs of all SUs are exponentially distributed random variables with the same meanγ in the Rayleigh fading environment.
In this article, we concentrate on energy detection due to its ability to detect PU without prior information. Based on the energy detection, the test statistic of the ith SU's received signal energy on the channel can be expressed as
For a large τ s f s , V i can be approximated 1 as the following Gaussian distribution according to the central limit theorem [12] ,
Data fusion rule
In the data fusion rule, the test statistic of cooperative SU's received signal energy will be reported to the fusion center and will be summed with weighs by the fusion center. Finally, the fusion center will make the final decision based on the weighed summation. Denote the weigh coefficient corresponding to the ith cooperative SU to be w i , then the test statistic used for final decision is given by
where k is the number of SUs assigned to cooperate to sense the PU channel. Without loss of generality, we assume that k i=1 w 2 i = 1. Similar to the study [12] , we can prove that V is Gaussian with If we choose the decision threshold as ε, the probabilities of false alarm and detection are given by
respectively, where Q(·) is the complementary distribution function of the standard Gaussian. The parameter selection of {k, {w i }, {g i }} depends on the sensing user selection scheme.
Proposition 1: Suppose the low instantaneous detection SNR regime is of interest. For a target detection probability P d , the optimal values of {w i } with specific k, {g i }, and τ s are given by
Proof: The proof is similar to that in [ [12] , Theorem 2]. In here, we only provide a brief proof.
By combining (8) and (9), P f can be expressed as
In the context of CR, the PU's signal power received by the SUs is usually very low [24] . Thus, we are interested in the low instantaneous detection SNR regime where g i ≪ 1. In this case, k i=1 w 2 i (1 + 2γ i ) ≈ 1 and P f can be approximated as
Therefore, for specific k, {g i }, and τs, the optimal {w i } is designed to achieve minimum probability of P f :
arg min
Obviously, (13) is equivalent to the following optimization function:
arg max
Using Cauchy-Schwarz inequality, we obtain the optimal values of {w i } with specific k, {g i }, and τ s given by (10).
Problem formulation
In this section, we consider the reporting delay and formulate the optimization problem of CSS with sensing user selection to maximize the average throughput of the CRN in both the AWGN environment and the Rayleigh fading environment.
There are two scenarios for which the CRN can operate on the channel [12] : 1) the PU is absent and no false alarm is generated by the fusion center, 2) the PU is present but it is not detected by the fusion center. We denote C 0 and C 1 as the throughput of the CRN if they are allowed to operate in the absence and presence of the PU, respectively. Then the average throughput of the CRN for the two scenarios can be given respectively as
where P (H 0 ) and P (H 1 ) are probabilities that the PU is absent and present, respectively.
In order to maximize the average throughput of the CRN, the optimization problem is formulated as follows:
Problem P1:
It can be proved that the optimal solution of problem P1 occurs when P d (k, {w i }, {g i }, τ s , ε) = Pth. The proof is similar to that in [25] . In here, we only provide a brief explanation. For specific k, {w i }, {g i }, and τ s , the values of P d (k, {w i }, {g i }, τ s , ε) and P f (k, {w i }, τ s , ε) are inversely proportional to the sensing threshold ε. When P d (k, {w i }, {γ i }, τ s , ε) is minimized, the sensing threshold ε is maximized. From (17) , it can be seen that the objective function is maximized when the sensing threshold ε is maximized. Hence, the sensing threshold ε should always be chosen to meet the minimum requirement of P d (k, {w i }, {g i }, τ s , ε) = Pth.
Meanwhile, for a target detection probability P d (k, {w i }, {g i }, τ s , ε) = Pth, we can know that problem P1 achieves the optimal solution when according to the Proposition 1.
AWGN environment
In the AWGN environment, all the SUs have the same instantaneous detection SNR. So we have
Therefore, ε and P f of problem P1 can be expressed as
For the AWGN environment, sensing user selection is equivalent to selecting the optimal number of cooperative SUs due to all the SUs having the same instantaneous detection SNR. Then, the problem Pl is equivalent to the following problem in the AWGN environment:
Problem P2:
Rayleigh fading environment
In the Rayleigh fading environment, ε and P f of problem P1 can be expressed as
Therefore, the problem P1 is equivalent to the following problem in the Rayleigh fading environment:
Problem P3:
Proposition 2: For given k and τ s , the maximum average throughput R(k, {g i }, τ s ) can be achieved when k SUs with the highest detection SNRs are selected to cooperate to sense the PU channel.
Firstly, when k = 1, since P f (1, {γ n 1 }, τ s ) can achieve the minimum value, R(1, {γ n 1 }, τ s ) can achieve maximum value.
Next, when k = 2, we can note that
) can achieve the maximum value when k = 2. Using the fact that Q(·) is a decreasing function, it can be easily seen that P f (2, {γ n 1 , γ n 2 }, τ s ) can achieve the minimum value. Therefore, R(2, {γ n 1 , γ n 2 }, τ s ) can achieve maximum value. Then, in the same way, we can prove that the maximum average throughput R(k, {g i }, τ s ) (3 ≤ k ≤ N, k I) can be achieved when k SUs with the highest detection SNRs are selected to cooperate to sense the PU channel.
According to the Proposition 2, we can know that {g i } is determined when k is given.
The solution of the optimization problem
Instead of solving the problem P2 or P3 directly, we propose the algorithm that solves the problem P2 or P3 by an exhaustive search for k. Since k is an integer and lies within the interval [1, N], it is not computationally expensive to search.
In order to solve problem P2 or P3, we transform problem P2 or P3 to
where C*(k) is the optimal objective value of the following problem P4 with a specific k value.
Problem P4 (with a specific k value):
The optimization problem P4 is a convex optimization problem only if the following constraint should be satisfied [12] :
Obviously, the constraint in (38) is very reasonable for practical CR systems.
Finally, the solutions of the optimization problem in the AWGN environment and the Rayleigh fading environment are respectively presented in Tables 1 and 2 .
Numerical results and discussions
In this section, numerical results and discussions are presented to demonstrate the effectiveness of our proposed algorithms. The system is set up as follows: The number of SUs in the CRN is set to be N = 30, and the fixed frame of T = 20 ms is used. The PU absent probability on the channel is P (H 0 ) = 0.7. The sampling frequency is fixed at 6 MHz. The detection probability is Pth = 0.9. Furthermore, we assume that the SU channel is block faded and SNR S (the SNR for secondary transmission) are ergodic, stationary, and exponentially distributed with the same mean 20 dB. The SNR for PU measured at the secondary receiver is SNR p = g in the AWGN environment or SNR p =γ in the Rayleigh fading environment. Thus C 0 = log 2 (1 + SNR S ) and C 1 = log 2 1 + SNR S 1+SNR p . Since the SNR S can be different for different channel realizations, all the numerical results presented in this article are obtained by averaging over 10,000 independent simulation runs.
We first demonstrate several numerical results in the AWGN environment. Figure 2 shows the average throughput versus the number of cooperative SUs under different reporting delay when g = -20 dB. It can be seen that the maximum average throughput might not be achieved when all the SUs within the CRN cooperate to sense the same PU channel. When the reporting delay is τ r = 0 ms, the average throughput increases with increasing the number of cooperative SUs. But the growth of the average throughput is very slow when the number of cooperative SUs achieves a certain amount. When the reporting delay is τ r ≠ 0 ms, the maximum average throughput first increases and then decreases as the number of cooperative SUs grows. Figure 3 shows the optimal number of cooperative SUs versus the reporting delay under different instantaneous detection SNR g. It can be seen that the optimal number of cooperative SUs increases with decreasing the reporting delay and the instantaneous detection SNR. Figure 4 shows the optimal sensing time versus the reporting delay under different instantaneous detection SNR g. It can be seen that the optimal sensing time increases with increasing the reporting delay and decreases with increasing the instantaneous detection SNR. Figure 5 shows the maximum average throughput versus the reporting delay under different instantaneous detection SNR g. It is clear that the maximum average throughput decreases with increasing the reporting delay and increases with increasing the instantaneous detection SNR. Next, we demonstrate numerical results in the Rayleigh fading environment. Figure 6 shows the average throughput versus the number of cooperative SUs under different reporting delay when the mean instantaneous detection SNRγ = −20 dB. In Figure 6 , when the number of cooperative SUs is equal to k, it says that k SUs with the highest detection SNRs are selected to Table 2 The solution of the optimization problem in the Rayleigh fading environment.
Find the optimal k, {w i , 1 ≤ i ≤ k}, {g i , 1 ≤ i ≤ k}, τ s , ε that maximize R.
For k = 1, 2, ..., N According to the Proposition 2, find the optimal {g i , 1 ≤ i ≤ k} associated with k;
According to the Proposition 1, find the optimal {w i , 1 ≤ i ≤ k} associated with k;
From (28), find the optimal ε associated with k;
Find the optimal τ s associated with k through solving the optimization problem P4, and get the maximal throughput R k associated with k;
End
Find the optimal k * = arg max 1≤k≤N {R k } , and get the optimal {w i , 1 ≤ i ≤ k}, {g i , 1 ≤ i ≤ k}, τ s , and ε associated with k*. Table 1 The solution of the optimization problem in the AWGN environment.
Find the optimal k, {w i , 1 ≤ i ≤ k}, τ s , ε that maximize R.
For k = 1, 2, ..., N According to the Proposition 1, find the optimal {w i , 1 ≤ i ≤ k} associated with k; From (23), find the optimal ε associated with k;
Find the optimal k * = arg max 1≤k≤N {R k } , and get the optimal {w i , 1 ≤ i ≤ k}, τ s , and ε associated with k*.
cooperate to sense the PU channel. It can also be seen that the maximum average throughput might not be achieved when all the SUs within the CRN cooperate to sense the same PU channel. When the reporting delay is τ r = 0 ms, the average throughput increases with increasing the number of cooperative SUs. But the growth of the average throughput is very slow when the number of cooperative SUs achieves a certain amount. When the reporting delay is τ r ≠ 0 ms, the maximum average throughput first increases and then decrease as the number of cooperative SUs grows.
Conclusion
In this article, we have considered the influence of the reporting delay to the CSS and investigated the average throughput problem under CSS scenario. The optimization problem of CSS with sensing user selection was formulated to maximize the average throughput of the CRN in both the AWGN environment and the Rayleigh fading environment, and the optimal solution was proposed to solve this problem. With numerical results, it is shown that the maximum average throughput can be achieved through the optimization. Moreover, it is also shown that selecting all the SUs within the CRN to cooperate might not obtain the maximal average throughput rather than selecting a certain number of SUs to cooperate.
Endnote
1 To verify the accuracy of Gaussian approximation, the estimated probability density function (pdf) of energy measurements numerically obtained through MonteCarlo simulation was compared with the Gaussian pdf given by (5) [23] . The correlation between two pdfs was found to be greater than 0.99 for values of τ s f s as low as 50 for a wide range of g i of practical interest.
